Streptococcus pneumoniae is a leading cause of pneumonia, bacteremia, sepsis, and meningitis, with an estimated annual incidence of invasive disease of 12-17 cases per 100,000 population [1] . Antimicrobial therapy has resulted in reduced morbidity and mortality rates associated with invasive pneumococcal disease [2] , especially when administered early in the course of illness [3] . However, the success of antimicrobial therapy is threatened by the increasing prevalence of antimicrobial resistance among S. pneumoniae [4] [5] [6] [7] [8] [9] [10] [11] . There is increasing evidence that discordant empirical therapy administered at presentation to the hospital results in increased rates of morbidity and mortality among patients with serious bacterial infections [12] [13] [14] [15] [16] [17] [18] . Because most initial antimicrobial therapy is empirical, it would be of value for clinicians to be able to predict which patients are at increased risk for infection with a resistant strain of S. pneumoniae.
Several studies have documented that both carriage of and infection with antimicrobial-resistant pneumococcal isolates are associated with extremes of age [19, 20] , underlying illness [20] , institutionalization [20] , previous antimicrobial use [19, 20] , and community or household exposure to resistant isolates [21] . However, these studies have not considered whether these factors could be used to improve the choice of antimicrobials for treating patients with serious disease. The objectives of this study were to determine whether patient and disease characteristics could be used to predict patterns of antimicrobial resistance in isolates of S. pneumoniae that caused invasive disease.
METHODS
Population-based surveillance. From 1 January 1995 through 31 December 2002, the Toronto Invasive Bacterial Diseases Network studied all invasive pneumococcal infections in persons living in metropolitan Toronto and the regional municipality of Peel in Ontario, Canada (1995 population, 3.5 million). Invasive pneumococcal infection was defined as illness in which S. pneumoniae was isolated from a normally sterile body site. Personnel from all hospital laboratories and the 2 largest private laboratories serving residents of the study area (which was defined by postal code of residence) telephoned the study office when S. pneumoniae was isolated from specimens obtained from residents. Primary data, including age, sex, and site of infection, were provided by participating laboratories. Informed consent was obtained to collect isolates and detailed clinical data. Annual audits were performed to evaluate the accuracy of reporting. The study was approved by the research ethics boards at all participating institutions.
Cases were considered to be nosocomial if the disease was not present or incubating at admission to the hospital [22] . Clinical diagnoses (e.g., pneumonia) were recorded on the basis of notes made by attending physicians. Antimicrobial therapy during the 3 months before presentation to the hospital included both oral and parenteral medications and was identified by chart review, by patient interview, and by contacting the patient's primary care physician and all other physicians identified as having provided care. For this study, if there was disagreement between physician records and patient recollection about antibiotic use, the physician records were deemed to be correct [23] . For purposes of this analysis, penicillin refers to any antimicrobial in the penicillin class.
Laboratory analysis. Isolates were sent to the central laboratory at Mount Sinai Hospital (Toronto), where they were confirmed as S. pneumoniae by standard methodology, including colonial morphology on blood agar, bile solubility, and susceptibility to optochin. Antimicrobial susceptibility testing was performed using microbroth dilution techniques, and results were interpreted according to NCCLS guidelines [24] [25] [26] . Antimicrobial agents were supplied by their respective manufacturers or were purchased from Sigma.
Statistical analysis. Data were analyzed using SAS for Windows, release 8.02 (SAS Institute), and Epi Info, version 2002 (Centers for Disease Control and Prevention). Differences in group proportions were assessed by means of x 2 analysis or Fisher's exact test. Differences in means were assessed by Student's t test (for normally distributed variables) or the Wilcoxon rank-sum test. Logistic regression models were used for multivariable analysis of risk factors for antimicrobial resistance in infecting isolates of pneumococci. Variables considered for inclusion in the models were those revealed by univariate analysis to be potentially associated with these outcomes ( ). We P ! .15 first evaluated the colinearity of variables and attempted to select variables that represented independent risks of disease severity. We then used stepwise backward elimination of nonsignificant variables to arrive at a final model.
The primary analysis of the impact of previous antimicrobial use classified patients for whom we could not determine whether antibiotics had been received in the 3 months before presentation as not having received antibiotics. There were few significant differences in the results of analyses for factors associated with nonsusceptibility (defined as resistance or intermediate susceptibility to antimicrobial agents) versus resistance: when differences exist, they are identified. For analysis of the impact of previous antimicrobial use, the primary analysis included patients for whom we could not determine whether antibiotics were used in the 3 months preceding infection. Such patients were classified as not having used antibiotics. There were no statistically significant differences between results of the primary analysis and results of a secondary analysis that excluded patients for whom previous antibiotic use could not be determined. ORs presented define the odds that a patient with invasive pneumococcal infection and a particular risk factor will be infected with an isolate that is resistant (versus susceptible or of intermediate susceptibility) to the antibiotic being considered.
RESULTS
The demographic and clinical characteristics of the 3339 patients in whom invasive pneumococcal disease was identified during the study period are shown in table 1. The overall annual incidence of invasive pneumococcal disease was 12.0 cases per 100,000 population. The case-fatality rate was 19.4% (627 of 3231 patients for whom information was available). For 3194 patients (95.7%), S. pneumoniae was isolated from blood cultures; for 112 (3.7%), S. pneumoniae was isolated only from CSF; and for 17 (3.5%), S. pneumoniae was isolated from a specimen taken from another normally sterile site (e.g., pleural fluid and synovial fluid). Data regarding antimicrobial use during the 3 months before infection are shown in figure 1.
Over the 8-year period, the prevalence of penicillin resistance among study isolates increased from 0.91% to 6.23% (P ! ), ceftriaxone resistance increased from 0% to 1.78% (P .001 p .01), erythromycin resistance increased from 4.6% to 13.1% ( ), and levofloxacin resistance increased from 0.3% to P ! .001 The sum of the number of known antimicrobials used is 1563 because 12.0% of patients received 11 agent. The primary analysis of the impact of previous antimicrobial use classified patients for whom we could not determine whether antibiotics had been received in the 3 months before presentation ("antibiotic use not identified," above) as not having received antibiotics. There were no statistically significant differences between results of the primary analysis and results of a secondary analysis in which patients for whom previous antibiotic use could not be determined were excluded. TMP-SMX, trimethoprim-sulfamethoxazole.
1.20% (
). There was no change in the prevalence of P p .05 resistance to trimethoprim-sulfamethoxazole (TMP-SMX; overall rate, 9.96%). Resistance to penicillin, ceftriaxone, erythromycin, and TMP-SMX were highly correlated: of the 114 penicillin-resistant isolates, 49 (43%) were resistant to erythromycin, and 90 (78%) were resistant to TMP-SMX; of the 275 erythromycin-resistant isolates, 49 (18%) were resistant to penicillin, and 102 (37%) were resistant to TMP-SMX; and of the 290 TMP-SMX-resistant isolates, 90 (31%) were resistant to penicillin, and 102 (35%) were resistant to erythromycin ( for all outcomes). Fluoroquinolone resistance was not P ! .001 associated with resistance to agents from other antibiotic classes (data not shown).
The prevalence of resistance to penicillin, TMP-SMX, or erythromycin among infecting isolates was greater for children (age, !18 years) than for adults, whereas the youngest patient from whom a levofloxacin-resistant isolate was recovered was 51 years of age ( for all 4 antimicrobials; figure 2A ). P ! .001 Trends in resistance over time were similar in all age groups (data not shown). During the 3-month period before infection, use of penicillin and TMP-SMX was more common among children, and quinolone use was more common among older adults (figure 2B).
The presence of any chronic organ system disease was inversely associated with TMP-SMX resistance, according to univariate and multivariable analysis. HIV infection was associated with erythromycin resistance, and chronic corticosteroid use was associated with fluoroquinolone resistance, according to univariate analysis only (tables 2 and 3). Patients whose infection was acquired in a nursing home or hospital were more likely to have a fluoroquinolone-resistant isolate ( ], respectively, for levofloxacin resistance in the P p .003 infecting isolate). No other clinical or demographic characteristics were associated with infection due to an isolate resistant to any class of antimicrobial. After adjustment for previous antibiotic use, chronic illness, and institutional acquisition, the prevalence of resistance to penicillin, ceftriaxone, and eryth- A, The prevalences of erythromycin and trimethoprim-sulfamethoxazole (TMP-SMX) resistance were higher among pneumococci from children (age, !18 years) than those from adults ( ), whereas the P ! .001 prevalence of fluoroquinolone resistance was higher among pneumococci from adults aged у65 years than those from younger adults and children ( for both comparisons). B, Children were more likely than adults P p .001 to have received b-lactams ( ), TMP-SMX ( ), and mac-P ! .0001 P ! .0001 rolides ( ), whereas adults aged у65 years were more likely to P p .007 have received fluoroquinolones ( ). P ! .0001 romycin but not to TMP-SMX or levofloxacin increased significantly over time (table 3) .
Patients who had previously received macrolides, TMP-SMX, or fluoroquinolones were at least 4 times as likely to have an infecting isolate that was resistant to agents from the same class of antimicrobials than were patients who had not received such antimicrobials ( figures 3 and 4 and table 3 ). Previous use of TMP-SMX, azithromycin, and penicillin were all associated (but to lesser degree) with infecting isolates that were resistant to agents from the other 2 classes of antibiotics. For macrolides, the particular antibiotic used was important for predicting the susceptibility of the infecting isolate, with azithromycin consistently associated with an increased risk of resistance to agents from all classes of antibiotics except fluoroquinolones ( figure  4) . No within-class differences were detected for penicillins, cephalosporins, or fluoroquinolones (data not shown).
Overall, the prevalence of penicillin resistance among infecting isolates increased from 2.1% for those recovered from patients with chronic organ system disease who had not recently received penicillins, TMP-SMX, or azithromycin, to 7.1%, 10%, and 9.1% among those recovered from healthy persons who previously used a penicillin, TMP-SMX, or azithromycin, respectively. The prevalence of macrolide resistance among infecting isolates increased from 7%-10% (when no antibiotic, an antibiotic from another class, or erythromycin had previously been used) to 28% and 53% if clarithromycin and azithromycin, respectively, had previously been used. Similarly, the prevalence of levofloxacin, gatifloxacin, and moxifloxacin resistance among pneumococci recovered from adults with community-acquired infection increased from 0.14%, 0.15%, and 0% if no fluoroquinolone had previously been used to 4.1%, 3.1%, and 3.1%, respectively, if a fluoroquinolone had previously been used and to 23%, 23%, and 14%, respectively, if a fluoroquinolone had previously been used and the patient resided in a nursing home.
DISCUSSION
The prevalence of multiantimicrobial resistance among S. pneumoniae continues to increase worldwide. Recognition of risk factors that identify patients with a greater likelihood for infection with a drug-resistant pneumococcal strain may allow clinicians to choose the most appropriate empirical therapy. In this study, we found that the most important risk factors were antibiotic use in the preceding 3 months before infection onset and, for fluoroquinolones only, institutional acquisition of infection. Most other factors associated with antimicrobial resistance in univariate analysis were also associated with antibiotic use and were no longer associated with resistance when analysis correcting for antimicrobial use was performed. Thus, children who presented to the hospital with invasive pneumococcal infections were more likely to have received penicillins, TMP-SMX, or macrolides and to have been infected with isolates resistant to these antibiotics; older adults were more likely to have received fluoroquinolones and to have infecting isolates that were resistant to fluoroquinolones. Patient age was not retained in any multivariate models. In addition, we found that the decision about which antimicrobial should be given to a patient with a previous history of use should depend not only on the antimicrobial class associated with previous treatment, but also, for some classes, on the particular antimicrobial used.
The impact of previous antibiotic use on penicillin and cephalosporin resistance was not substantial. Infecting isolates recovered from persons who had not previously received these antimicrobial agents were 1.5-3 times as likely to be resistant (or nonsusceptible) to penicillin and ceftriaxone than were isolates recovered from persons who were naive to treatment with NOTE. There was no association between any patient characteristic and infection with an isolate that was resistant to penicillin or cephalosporins. There was no association between infection with an isolate that was resistant to agents from any antimicrobial class and cancer, diabetes mellitus, presence of sickle cell disease or asplenia, previous pneumococcal vaccination, and history of previous pneumococcal infection or immunosuppressive illness (except for that associated with corticosteroid use). NS, not statistically significant ( ); TMP-SMX, trimethoprim-sulfamethoxazole. P 1 .05 a Includes any chronic illness involving the heart, lungs, liver, or kidneys, as well as alcoholism. In subgroup analyses, the size and directionality of ORs between illnesses in individual organ systems and infection with isolates that were resistant to all classes of antimicrobials were similar. these 3 agents. However, similar to other authors [19, 20] , we were not able to identify patient-specific characteristics that were very helpful in defining which patients were infected with a penicillin-resistant isolate, possibly because clonal dissemination of strains may be a more important factor in penicillin resistance than direct selective pressure associated with antibiotic use in an individual. In our area, where there is a relatively low prevalence of penicillin and cephalosporin resistance among pneumococci, nearly all isolates (199.8%) remain susceptible to amoxicillin and third-generation cephalosporins, and therapy with high-dose amoxicillin or the currently recommended dose of ceftriaxone or cefotaxime [27] will provide adequate treatment for all patients, including those who have recently used any antibiotic. In other geographic areas, the impact of clonal dissemination of penicillin-resistant strains may alter both the overall risk of infection with a penicillin-resistant strain and the association between antibiotic use history and resistance to penicillins and cephalosporins.
Macrolides are not homogeneous with respect to their association with antimicrobial resistance. In univariate and multivariate analysis, previous use of erythromycin was not associated with infecting isolates that were resistant to any antimicrobial class; clarithromycin use was associated with an increased likelihood of erythromycin resistance in infecting strains, and azithromycin use was associated with an increased risk of resistance to macrolides, penicillins, and TMP-SMX in infecting strains. More than one-half of the isolates recovered from patients with invasive pneumococcal disease who received azithromycin during the 3-month period before infection were resistant to erythromycin. These findings are consistent with population-level data: in 3 of 4 studies that examined this issue, use of macrolides with a long half-life was associated with a greater prevalence of macrolide resistance among clinical isolates of pneumococci or group A streptococci [28] [29] [30] [31] . The association between the increasing prevalence of macrolide resistance among group A streptococcal and pneumococcal strains and the use of long-acting macrolides in both individual patients and populations suggests that selective pressure for resistance may be reduced if shorter-acting macrolides are used preferentially.
Patients in whom a fluoroquinolone has been used have a substantially increased risk of infection with a fluoroquinoloneresistant isolate. However, in our cohort, the prevalence of fluoroquinolone resistance among isolates from patients with community-acquired infections who had not been recently exposed to fluoroquinolones was so low (!0.5%) that the prevalence of fluoroquinolone resistance among isolates from patients with community-acquired infections who had previously received fluoroquinolones was only 3%-4%. In this circumstance, monotherapy with a respiratory fluoroquinolone may still be a reasonable therapeutic choice. It is important to be aware, however, of the increasing number of reports of levofloxacin-, gatifloxacin-, and moxifloxacin-susceptible isolates with mutations in one of the target sites for these agents (i.e., the parC gene). The prevalence of such mutations may be higher among susceptible isolates from patients who have previously received fluoroquinolones [6, [32] [33] [34] [35] [36] . In these circumstances, resistance during therapy may emerge, and either primary therapeutic failure or relapse may be more common [33] .
In our cohort, patients who acquired their infection in a hospital or nursing home and had received fluoroquinolones in the past 3 months had isolates with high enough rates of resistance to the most active fluoroquinolones (23% and 14% were resistant to gatifloxacin and moxifloxacin, respectively) that quinolone monotherapy for such patients is precluded. One potential explanation for the association between institutionalization and fluoroquinolone resistance is the effect of antibiotics used 13 months before the episode of infection. We for all within-group comparisons, unless otherwise indicated. P 1 .05 asked about antibiotics used only during the 3-month period before infection, because of concern about the reliability of recall for longer periods. It is possible that patients with institutionally acquired infections are more likely to have used fluoroquinolones in the more distant as well as the recent past. Another possible explanation is the acquisition of fluoroquinolone-resistant pneumococci by transmission from other residents or patients. Several nosocomial and nursing home outbreaks of S. pneumoniae infection have been reported, and carriage and transmission of resistant pneumococci within institutions may be more common than is usually recognized [35, [37] [38] [39] [40] .
For community-acquired pneumonia occurring in nursing home residents or nosocomial pneumonia acquired on a medical ward, the American and Canadian Thoracic Societies guidelines recommend monotherapy with a respiratory fluoroquinolone either as first-line treatment or in combination with a b-lactam and a macrolide or doxycycline [41] [42] [43] . The more recent update of the Infectious Diseases Society of America guidelines for the treatment of community-acquired pneumonia incorporates (in a footnote) a recommendation to avoid fluoroquinolones in outpatients and patients hospitalized on medical wards who have recently received a fluoroquinolone; however, respiratory fluoroquinolones remain without qualification the recommended first-line treatment for nursing home residents [44] . Clinicians should be aware that the evolution of antimicrobial resistance to levels important enough to warrant changes in empirical therapy may be rapid, and guidelines updated every 3-5 years may not be able to keep up with these changes. Despite the guidelines, in our geographic area (and possibly in others), monotherapy with respiratory fluoroquinolones is no longer acceptable as routine empirical therapy for pneumonia in residents of long-term care facilities.
In conclusion, knowledge of previous antimicrobial use is cru- cial for determining appropriate therapy for a patient presenting with an illness for which S. pneumoniae is a possible cause. The single most important risk factor for resistance to a particular antimicrobial is previous use of antibiotics from the same class. Nursing home acquisition and nosocomial acquisition also play key roles in fluoroquinolone resistance, but neither age nor underlying illness have a significant impact, except to predict the history of antimicrobial use and thus the increased possibility of resistance. The association between antimicrobial resistance and macrolides is drug specific; that is, compared with the use of erythromycin and clarithromycin, the use of azithromycin preferentially selects for resistance to macrolides.
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